The CRISPR/Cas9 technology has been widely utilized for knocking out genes 15 involved in various biological processes in zebrafish. Despite this technology is efficient for 16 generating different mutations, one of the main drawbacks is low survival rates during 17 embryogenesis when knocking out some embryonic lethal genes. To overcome this 18 problem, we developed a novel strategy using a combination of CRISPR/Cas9 mediated 19 gene knockout with primordial germ cells (PGCs) transplantation to facilitate and speed up 20 the process of zebrafish mutant generation, particularly for embryonic lethal genes. First, 21
INTRODUCTION 34
The rapid development and wide-range application of CRISPR/Cas9 technology 35 substantially revolutionized the genetic studies in various organisms including zebrafish 36 However, for the maternal genes, on the premise of survival of homozygous mutants, one 58 more cross within them has to be carried out in order to obtain maternal zygotic mutants. 59
If homozygous mutants are lethal at early embryogenesis, corresponding mRNAs will be 60 considered to overexpress to have a rescue (BURGESS et al. 2002) . Otherwise, if mRNA 61 rescued homozygous mutants could not survive to adulthood, primordial germ cells (PGCs) In this study, we firstly established and optimized the procedure for gRNA targeted 72 PGCT by increasing the PGCs mutation efficiency and PGCT success rate. We then 73 utilized the optimized procedure for generation of maternal zygotic (MZ) mutants of tcf7l1a 74 (essential gene for head development) and pou5f3 (essential gene for zygotic genome 75 activation) and chd (essential gene for dorsal development) at F1 generation with high 76 efficiency. This technology can be applied to the large-scale generation of other embryonic 77 lethal mutants, especially for the gene function analysis of large number of maternal factors. 78
79

MATERIALS AND METHODS 80
Ethics 81
This study was carried out in accordance with Guide for the Care and Use of 82 The gRNA templates were prepared by PCR with gene specific primers (tcf7l1a-106 gRNA-1, pou5f3-gRNA-1, chd-gRNA-3) and a universal reverse primer gRNA-RP using 107 plasmid pT7-gRNA as template according to previous study (CHANG et al. 2013 ). gRNAs 108 were transcribed with MAXI script T7Kit (Ambion, USA). The primers used in this study are 109 shown in Table 1 . The transgenic embryos of Tg(piwi:egfp-UTRnos3) ihb327Tg at 1-cell stage were co-123 injected with either cas9-UTRsv40 or cas9-UTRnos3 mRNA and gRNA. At 2 dpf, the 124 embryos were washed three times in PBS and then about 200 embryos were transferred 125 into a 15 mL centrifuge tube (BD Falcon™ Tube) with 10mL 0.25% trypsin. Trypsin treated 126 embryos were passed through the syringe for 2 to 3 times to generate cell suspension, and 127 the cell suspension was passed through a 100μm cell strainer, centrifuged for 10 min in 4 The PGCs-transplanted larval fish were raised with great care and they usually 155 became sexually matured at 2.5 months post-transplantation. Adults of transplanted fish 156 were crossed with WT fish one by one to generate F1 population. To evaluate the mutation 157 rates of the gametes of the transplanted fish, 10 F1 embryos at 1 dpf were randomly 158 selected for PCR amplification of the gRNA target sites. The PCR products were sub-159 cloned and the sub-cloned fragments were subject to Sanger sequencing to analyze the 160 mutation type and mutation efficiency. Each fish was analyzed for three independent times. 161
The male and female transplanted fish with the highest mutation efficiency in their 162 gametes were selected for incross. The incrossed embryos were phenotypically analyzed 163 with a MVX10 macroscope and used for further analysis. 
Reverse-transcription PCR 179
Total RNA was isolated from unfertilized eggs and embryos at 256-cell stage, sphere 180 stage, shield stage, bud stage and 24 hpf by using Trizol method. The RNA was reverse-8 chd-RT-F and chd-RT-R (Table 1) We have tried to knockout zebrafish genes chd and pou5f3 using conventional 193 CRISPR/Cas9 knockout technology. As expected, after injection of cas9-UTRsv40 mRNA 194
and chd gRNA, about 96.2% (204 against 212) embryos showed typical ventralization 195 phenotype with enlarged blood island and decreased head size, just mimicking its 196 morphants or the chordino mutants (SCHULTE-MERKER et al. 1997), which indicated the 197 effectiveness and high penetrance of chd gRNA in zebrafish. We then analyzed the 198 mutation efficiencies of the gRNA target sequence of chd in the WT like embryos (C1) and 199 the mutant like embryos (C2). To our surprise, all the clones from the mutant type embryos 200 showed to be indel (insertion or deletion) mutations of the chd target, while all the clones 201 from the WT like embryos showed to be no mutation of the target sequence ( Figure 1B) . 202 Therefore, in order to obtain the germline mutant carriers of chd, we could only raise the 203 C2 embryos. However, those embryos showed extremely low survival rate during 204 subsequent cultivation ( Figure 1E ). On the other hand, as to pou5f3 gene, 71.7% (180/251) 205 of the cas9-UTRsv40 mRNA and pou5f3 gRNA co-injected embryos showed serious 206 developmental defects (C2) and 28.3% showed to be WT like (C1) at 30 hpf. Although the 207 C2 embryos showed 100% mutation efficiency by sequencing analysis ( Figure 1D ), they 208 could not survive to 2 dpf. Therefore, we focused on the rest C1 embryos, which showed 209 a mutation efficiency of about 70%. Nevertheless, most of these pou5f3 disrupted embryos 210 could not survive to adulthood ( Figure 1E ). Therefore, we were unable to obtain enough 211 F0 adults for screening of F1 knockout larval fish for both chd and pou5f3. To conclude, 9 the application of conventional CRISPR/Cas9 gene knockout technology has such 213 obstacle and limitation to generate homozygous mutants of embryogenesis-essential 214 (embryonic lethal) genes. 215
216
Optimization of PGCs mutagenesis and PGCT 217
As it was difficult for us to obtain germline transmitters by using the aforementioned 218 conventional method of CIRSPR/Cas9 by co-injection of cas9-UTRsv40 mRNA and gRNA 219 for embryonic lethal genes, we then tried to utilize the technology of germline replacement 220 by transplanting the mutated PGCs to PGCs-depleted embryos. To start with, we tried to 221 optimize the efficiencies of PGCs mutagenesis and PGCT. 222
We first compared the mutation efficiency of gRNA target in PGCs and the somatic 223 increase the target mutation efficiency in PGCs while decrease the mutation efficiency in 233 somatic cells ( Figure 2C ). Therefore, we utilized the cas9-UTRnos3 mRNA injected 234 embryos as the donor for PGCT in subsequent study. 235
In theory, the efficiency of PGCT relies on the PGCs number in the donor embryo, 236 therefore it is important to increase the PGCs number of the donor embryo. The buc gene, 237 which encodes a germplasm organizer, has been shown to be necessary and sufficient for 238 2018). In our recent study, we showed that overexpression of buc could significantly induce 240 10 UTRsv40 mRNA into donor embryos would improve success rate of PGCT. As expected, 243 buc mRNA injection could induce additional PGCs in donor embryos ( Figure 2D ). The 244 embryos co-injected with dnd_MO showed all PGCs invisible, indicating the complete 245 elimination of endogenous PGCs of the host embryos ( Figure 2E ), and embryos receiving 246 successful PGCT showed GFP-positive PGCs at 35 hpf ( Figure 2F ). We screened the 247 PGCs fluorescent embryos after PGCT and calculated the success rate of PGCT by 248 dividing the number of PGCs-positive embryos against the number of embryos 249 manipulated. The results showed that co-injection of buc-UTRsv40 mRNA into the donor 250 embryos could even double the success rate of PGCT from 14.2% to 27.2% (Figure 2 G) . 251
Therefore, we utilized the buc overexpressed embryos as transplantation donors to 252 improve the efficiency of PGCT. 253
254
Efficient generation of maternal zygotic mutants of tcf7l1a (MZtcf7l1a) 255
As we optimized the efficiencies of PGCs-targeted Cas9/gRNA and PGCT, we then 256 tried to generate MZ mutant of certain genes. The first gene for a test is tcf7l1a, which 257 maternal zygotic mutants showed to be headless while zygotic mutants did not show any 258 By an outcross test, we identified the mutation 263 efficiencies of gametes of each PGCs transplanted fish, in which the female #3 and male 264 #7 gave the highest mutation efficiencies (100% for both) among each group ( Figure 4A , 265
Supplemental Figure 1 ). This indicates that target gene mutated homozygous mutants 266 could directly be obtained just at F1 generation. 267
Thereafter, the female #3 and male #7 were crossed and their offspring were 268 phenotypically analyzed. As expected, majority (C3 73.4%) of the offspring showed typical 269 phenotype of headless, while the minority of them (C2 24.2%) showed smaller eyes (Figure  270 4B). We further analyzed gene expression of the mutant embryos and found that tcf7l1a 271 scarcely expressed in the mutant embryos throughout the early development, indicating 272 that non-sense mediated mRNA decay occurred in the embryos ( Figure 4C ). In addition, 273 WISH analysis showed that the expression of emx1, a marker of telencephalon, 274 disappeared while krox20, a marker for rhombomere 3 and 5, were nearly unaffected in 275 the mutants at early-somite stage, and the telencephalon and eyes labeled by six3b 276 disappeared in the mutant embryos at 24hpf ( Figure 4D ). When compared WT embryos, 277 the expression of neural crest marker foxd3 in the mutant embryos showed a slight 278 increase, probably due to the increased zygotic Wnt/β-catenin activity (LEWIS et al. 2004) . 279
All these results undoubtedly proved that MZ mutants of tcf7l1a gene could be generated 280 efficiently using combined CRISPR/Cas9 with PGCT. 281 282
Efficient generation of MZpou5f3 at F1 generation 283
We then applied this technology to generate the maternal zygotic mutants of pou5f3, 284 an essential gene for early embryogenesis with both maternal and zygotic expression 285 (REIM et al. 2004; REIM AND BRAND 2006). In total, 10 fertile F0 adults were obtained 286 following application of combined CRISPR/Cas9 with PGCT. As shown in Figure 5A , the 287 mutation efficiency of their gametes from female #1 and male #2 could reach as high as 288 100% (Supplemental Figure 2) . 289
Subsequently, the female #1 was crossed with male #2 and the offspring were used 290 for phenotypical analysis. The incrossed embryos showed gastrulation defects and severe 291 dorsalization at 24 hpf ( Figure 5B ), mimicking the previously reported mutant phenotype of 292 genes was conducted to confirm the phenotypes of F0-incrossed MZpou5f3. Firstly, pou5f3 294 showed barely expression in mutants during early embryogenesis compared to its high 295 expression level in WT ( Figure 5C ). Secondly, compared to WT at shield stage, the 296 expression of chd (labeling dorsal organizer) expanded ventrally within the germ ring and 297 eve1 (a ventral mesoderm marker) was strongly reduced in the mutants ( Figure 5D ). 298
Moreover, expression of sox32 and sox17, the markers for endoderm development were 299 undetectable in the mutant embryos. Notably, myoD was expressed in WT somites at the 300 6-somites stage, while in mutants its expression was displaced and fused ventrally. Lastly, 12 variably splited in mutant embryos. All the results indicate that the F1 embryos were 303 seriously dorsalized described as previous (REIM AND BRAND 2006) . Therefore, the 304
MZpou5f3 was successfully obtained at F1 generation using combination of CRISPR/Cas9 305 and PGCT, which proved its feasibility for efficient generation of MZ mutants of zygotic 306 essential genes with maternal and zygotic expression. Figure 6A , 317 B). Therefore, whether there is a maternal contribution of Chd activity needs to be 318 answered, by generating the MZchd and comparing the MZchd phenotype with its zygotic 319 mutants. 320
By using the optimized PGCs-targeted CRISPR/Cas9 and PGCT approach, we 321 obtained 13 fertile transplanted adults. By direct sequencing of the target site from the 322 genome of the test-crossed embryos, we found that 8 (2♀ 6♂) out of the 13 (5♀ 8♂) 323 positive transplants could produce chd mutant gametes, while female #1 and male #1 gave 324 the highest mutation rates ( Figure 6C ). Although one transplanted adult could usually 325 produce more than one type of mutations (Supplemental Figure 3) , about 63.3 % (19/30) 326 of the mutation types resulted from microhomology-mediated end joining (MMEJ), a 327 mechanism of DNA repair for double strand breaks (DSB) which facilitates the repair of 328 In the next step, the two F0 adults (♀ #1 and ♂ #1) with mutated gametes were 331 incrossed and the F1 embryos were obtained. As expected, about 45.3% (169/373) of the embryos showed ventralization phenotype (C2 and C3, Figure 6D ). Among the embryos 333
showing ventralization, about 1/3 (50/169) of the embryos showed severe ventralization 334 phenotype (C3), with no forebrain and eyes and extremely expanded blood island and 335 folded ventral tail fin. All the embryos showing C2 or C3 phenotype were randomly sampled 336
for genetic identification and all the samples showed to be genetically homozygotes with 337 the same or different indels at the same allele. We carefully compared the C2 and C3 338 phenotypes with the zygotic mutants resulting from incross of chd tt250/+ ( Figure 6E) , and 339
found that C3 embryos of the MZchd generated in the present study were much more 340 severely ventralized. This strongly suggest that the maternally provided chd mRNA has 341 BMP antagonistic function in zebrafish early development and the PGCs-targeted 342 mutagenesis and PGCT approach may be used to unveil the novel function of some 343 classical genes. 344
345
DISCUSSION 346
Gene targeting technologies are considered appropriate approaches to investigate 347 gene functions. Generally, high dosage of the gene targeting vectors or RNAs will improve 348 mutation efficiencies, but they have potentially led to dysplastic embryos, especially when 349 the target gene is essential for embryogenesis or organogenesis. Nevertheless, to 350 overcome this conflict, PGCs as cluster of early embryonic cells that differ from somatic 351 cells which transmit genetic materials to next generation, could be an optional target cell 352 type for genetic manipulation. In the present study, we have established a high-efficient 353 method for generating maternal zygotic mutants of different genes, by combining the 354
PGCs-targeted CRISPR/Cas9 technology and optimized PGCs transplantation in 355
zebrafish. 356
In previous study, it has been reported that although the mutation efficiency generated 357 by common CRISPR/Cas9 was achieved up to 50%, there was only 11% germline 358 transmission efficiency in the progeny (HRUSCHA et al. 2013 ). This indicates that high 359 mutation efficiency of the whole embryos generated by conventional method of 360 CRISPR/Cas9 suffers from low mutation efficiency in germline, leading to waste of time compared the mutation efficiencies of somatic cells and PGCs resulting from ubiquitous 363 overexpression of Cas9 and gRNA. While for the first time, we revealed that the mutation 364 efficiency in PGCs is much lower than that in the somatic cells. Therefore, in the 365 conventional Cas9/gRNA injected study, the mutation efficiency evaluated at the whole 366 embryo level should have been over-estimated, if we value the germline transmission 367 efficiency. In this study, high dosage of cas9-UTRnos3 mRNA and gRNAs were co-injected 368 into zebrafish embryos and we showed that the mutation rate in PGCs became significantly 369 higher than that in the somatic cells. When the Cas9/gRNA targeted PGCS were used as 370 PGCT donors, the PGCs transplanted host fish could successfully produce mutated 371 gametes with the efficiencies as high as 100%. On the other hand, by induction of ectopic 372 mutated PGCs in the donor embryos by overexpression of buc, we have substantially 373 improved the efficiency of successful PGCT, which has shown to be a labor-extensive and The highly mutated PGCs thus gave rise to genetically homozygous oogonia, and later 387 maternally mutant oocytes without any contribution of the maternal mRNA of the target 388 gene. Once mated with a homozygous male, the MZ mutants could be obtained just at F1 389 generation, thus providing a novel strategy for function studies of embryonic essential 390 genes with maternal expression. In this study, we not only obtained the MZ mutants of generated the maternal zygotic mutants of pou5f3, which zygotic mutants could not survive 393 to adulthood. More importantly, by generating MZ mutants of chd, a gene essential for 394 dorsal organizer development, we have unveiled the novel function of its maternally 395 inherited mRNA. To our knowledge, this is the first report of combination of PGCs-targeted 396 mutagenesis method with PGCs transplantation to efficiently generate MZ mutants of 397 zebrafish at F1 generation. In the future, the method may be utilized to functionally analyze 398 maternally-expressed genes in large-scale knockout project. like phenotype, C2 shows smaller eyes, C3 shows complete loss of eyes. 552 (C) tcf7l1a was barely expressed in mutants during early embryogenesis, compared to its 553 high expression level in WT. 554 (D) The marker of telencephalon emx1, was not expressed in mutant embryos at early-555 somite stage; krox20, the marker for midbrain and hindbrain, was normally expressed in 556 the mutants at early-somite stage; the expression of neural crest marker foxd3 was slightly 557 increased in mutants at early-somite stage; the expression of six3b at telencephalon and 558 eyes was strongly decreased in the mutant embryos at 24 hpf. to 24 hpf. Note that the germ ring of mutant is thicker than the WT at shield stage, the 565 epiboly is seriously affected during gastrulation, and a cluster of cells piles on the top of 566 the dorsum (see LV, lateral view; AV, anterior view; DV, dorsal view) at 24 hpf. 567 20 (D) The expression of chd was expanded ventrally within the germ ring in mutants, 569 compared to WT; eve1 was strongly reduced in mutants; sox32 and sox17, the markers 570 for endoderm, were undetectable in mutant embryos; the expression of myoD was 571 displaced and fuses ventrally in the mutant embryos; the expression of ntl was variably 572 splited in mutant embryos, in comparison with its straight expression in the notochord in 573 
